Abstract. This publication details CMOS foundry fabrication, reliability stress assessment, and packaged sensor test results obtained during qualification of the SensL B-Series silicon photomultiplier (SiPM). SiPM sensors with active-area dimensions of 1, 3, and 6 mm were fabricated and tested to provide a comprehensive review of SiPM performance highlighted by fast output rise times of 300 ps and photon detection efficiency of greater than 41%, combined with low afterpulsing and crosstalk. Measurements important for medical imaging positron emission tomography systems that rely on time-of-flight detectors were completed. Results with LSYO:Ce scintillation crystals of 3 × 3 × 20 mm 3 demonstrated a 225 AE 2-ps coincidence resolving time (CRT), and the fast output is shown to allow for simultaneous acquisition of CRT and energy resolution. The wafer level test results from ∼150 k 3-mm SiPM are shown to demonstrate a mean breakdown voltage value of 24.69 V with a standard deviation of 0.073 V. The SiPM output optical uniformity is shown to be AE10% at a single supply voltage of 29.5 V. Finally, reliability stress assessment to Joint Electron Device Engineering Council (JEDEC) industry standards is detailed and shown to have been completed with all SiPM passing. This is the first qualification and reliability stress assessment program run to industry standards that has been reported on SiPM.
Introduction
SensL low-light silicon photomultiplier (SiPM) sensors are manufactured in a high-volume CMOS foundry and packaged using volume packaging facilities. This fabrication process provides the highest product performance, uniformity, and reliability combined with the lowest-cost product. SensL products are designed for use in high-volume markets, such as medical imaging positron emission tomography (PET), [1] [2] [3] [4] [5] hazard and threat radiation detection, [6] [7] [8] highenergy physics, automotive driver assist systems (ADAS), using laser detection and range finding (LIDAR) and biophotonics. [9] [10] [11] The purpose of this paper is to review the basic SensL SiPM sensor, to outline the raw sensor test parameters, to demonstrate the performance in application-relevant environments, and to show uniformity data that have been obtained during mass production wafers runs. Additionally, it is desired to show the outcome of recent reliability testing of SensL B-Series sensors using integrated circuit industry standard test procedure. The SiPM sensor from SensL will be shown to have high performance, uniformity, and reliability required by high-volume applications.
Description of the SensL B-Series Silicon Photomultiplier
The SensL SiPM is a three-terminal sensor with anode, cathode, and the fast output. This is shown in Fig. 1 , in which a small subsection (a 3 × 4 microcell array) of a SiPM is shown. The number of microcells is given as per Table 1 for each sensor type, and other geometries can be seen in the product datasheet. 12 Each microcell consists of the photodiode, a quench resistor, and a fast output capacitor. The fast output capacitor is a unique 13 feature of SensL products and is fabricated in the polysilicon, metal, and oxide layers inherent in the SensL fabrication process.
14 Fast output provides a low-capacitance output for direct interrogation of the switching behavior of the photodiode in each microcell and in preproduction samples is shown to provide low coincidence resolving time (CRT). 15 The fast output is capacitively coupled with a capacitance value on the order of 2% to 4% of the total capacitance of the microcell and designed with minimal parasitic resistances. Fast output, therefore, provides the derivative signal of the fast microcell photodiode switching that is inherent to the SiPM. For this publication, when a measurement was performed reading the signal from the fast output, the cathode and anode were used to apply the operating voltage while the output was measured on the fast output only. For measurements which refer to standard cathode-anode output, the fast output was not measured, whereas the cathode and anode were used to apply voltage and measure the output signal.
All of the sensors used in this work were fabricated in a CMOS fabrication facility that runs SensL's B-Series process. SensL's B-Series CMOS foundry process was developed to produce a sensor optimized for the detection of blue to ultraviolet (UV) photons. That wavelength sensitivity is a requirement for PET scanners that provide time of flight (ToF). ToF PET systems typically use cerium-doped lutetium yttrium orthosilicate (LYSO) scintillation crystals with a peak emission of 420 nm. At the 420-nm wavelength, photons will have a characteristic absorption depth of 200 nm in silicon. Additionally, the avalanche ionization probability of electrons is greater than that of holes. The planar nature of the CMOS process dictates that the high-field region should be located close to the surface of the sensor to prevent the use of long-diffusion temperature cycles that are expensive to implement and increase product breakdown voltage values and breakdown voltage nonuniformity. Based on the requirement to use CMOS-compatible processing and provide high sensitivity to 420-nm photons, the active photodiode depletion region should be located at the entrance window for the incident photons and the process type should be P-on-N type. The foundry process that produces the SensL B-Series products has been tailored to produce a SiPM sensor that has a typical breakdown voltage of less than 25 V. The dopant and diffusion conditions required to achieve this are outside the scope of this publication but are sufficient to achieve the required breakdown voltage level. A low-breakdown voltage SiPM, as designed by SensL, has a low temperature coefficient of the breakdown voltage when compared with higher breakdown voltage SiPM.
Outline of the Silicon Photomultiplier Sensors in This Work
For this publication, a range of SiPM sensors with varying dimensions were fabricated. Physical dimensions of the active area of the sensors are 1 × 1 mm, 3 × 3 mm, and 6 × 6 mm. Microcell size variants including 20, 35, and 50 μm were fabricated as shown in Table 1 . All SiPM sensors were fabricated using the same foundry process but with different mask sets to produce the different active-area dimensions. The quoted microcell size relates to the dimension across the active area of the microcell as-drawn, and the number of microcells is the actual number of microcells per product. The pitch between microcells is not specified directly but indirectly through the fill factor (FF) of the SiPM sensor. A full table of sensors fabricated and measured for this work is shown in Table 1 . For naming purposes, the SiPM will be referenced in accordance with a fivedigit code as per Table 1 . The performance of these sensors is competitive with state-of-the-art SiPM available on the market today. 16 2 Silicon Photomultiplier Raw Parameter Performance In the following subsections, this publication will review some of the most important raw parameters relating to SiPM sensor performance. These are photon detection efficiency (PDE), signal pulse shape, gain, dark count rate, crosstalk, and afterpulsing. In all cases, the measurements were performed on SiPM sensors packaged in the SensL surface mount (SMT) package and the measurement technique is described. For all measurements, in this section, the test temperature was maintained at 21 AE 1°C and performed under laboratory test conditions.
Photon Detection Efficiency
In the photon statistics inherent in SiPM sensors, there is a specific relationship between the ratio of events that trigger zero photons N 0 and the total number of events that include any total number of photons N tot . This relationship is determined through the chance of observing a zero-photon event in a Poisson probability distribution with a mean number of photons n ph , and can be written as N 0 ∕N tot ¼ e −n ph . To correctly take account of background pulses, a measurement in the dark must be obtained. The corresponding dark zero photon event and any photon event counts N dark 0 and N dark tot must be measured, then the mean number of photons n ph arriving at the SiPM is
The PDE can then be calculated by dividing the mean rate of detected photons by the recorded rate of arriving photons, given by the optical power recorded by a calibrated photodiode P and the period T of the light pulses:
An example of this measurement technique that is extensively referenced is the work of Eckert. 17 This technique produces the true SiPM PDE and does not contain the effects of crosstalk or afterpulsing. Figure 2 shows the PDE for the 30035 SiPM across the wavelength range of 250 to 1100 nm. Peak emission is shown at 420 nm with a maximum peak detection efficiency Fig. 2 is well matched to the emission peak and broad-spectrum light emission of LYSO:Ce scintillation crystals. 18 Additionally, good sensitivity is shown into the UV and a characteristic shoulder in the PDE is shown at 380 nm corresponding with the optical properties, refractive index, and absorption coefficient of silicon, indicating excellent shallow carrier capture. The PDE varies with the microcell size according to the FF for the different types of SiPM. The PDE does not vary with active area dimension. Therefore, the FF values listed in Table 1 can be used to scale the PDE shown in Fig. 2 to different sensors. To scale the PDE to different sensor types first divide the PDE of the known SiPM by the FF of the known SiPM and multiply by the FF of the unknown SiPM. As an example to scale the 5.0 overvoltage, PDE at 420 nm from the 30035 to the 30050 SiPM, we would use the following: ð41%∕0.64Þ ⋅ 0.72 ¼ 46%.
Signal Pulse Shape
Signal pulse shape including rise and recovery times of the output of SiPM is an important parameter. For ToF PET, the fastest rise time of the SiPM signal correlates with the best coincidence resolving times. 16 For the measurement, a Photek LPG-405 pulsed laser operating at 405 nm with 40 ps light pulses at a repetition rate of 100 kHz was used. SiPM pulse shapes were recorded on an Agilent Infiniium 54853 digital storage oscilloscope (Agilent Technologies Inc., Santa Clara, California), with 2.5 GHz bandwidth sampling at 20 GSa/s. The operating voltage of the SiPM was set to 2.5 V overvoltage. A PIN diode was used to measure the energy density, and the light was attenuated using neutral-density filters until the fraction of photons hitting the SiPM active area was in the range of 10%-15% (i.e., the microcells in the sensor had a 10%-15% probability of being illuminated). The resulting electrical waveform was recorded using the 50 Ω output-input impedance on the oscilloscope, and was the average of 1000 traces.
The signals from both to the fast output and standard anode-cathode output from the 30035 SiPM sensor are shown in Fig. 3 (a) with a crop of the same data shown in Fig. 3(b) to highlight the sharp and fast rise times of the fast output signal.
From Fig. 3 (a), a distinct difference in output signal is shown between the fast output and the standard anode-cathode output. The standard anode-cathode output is characterized by the microcell breakdown, quench, and recovery cycle for each detected photon. The fast output, however, displays the derivative of this process and has a faster rise and recovery time, resulting in a very short signal pulse full width half maximum (FWHM). Table 2 details the measurement results obtained from the SiPM sensors measured in this work. As shown in Table 2 , the rise time of the fast output correlates with the size of the active area of the SiPM. This is due to increased reactance of the SiPM for increasing active area sizes. The fast output signal pulse width (FWHM) for the 30050 was measured to be slightly shorter (30 ps) than the 30035 in Table 2 . This is believed to be due to measurement error, and more accurate measurements are planned in future to investigate the fast output pulse width (FWHM) in more detail. In all cases, the fast output had an extremely fast rise time and short overall pulse width (FWHM), which is significantly narrower than any other SiPM sensors the authors are aware of.
Gain
The gain of a SiPM is defined as the mean number of charge carriers that a single charge initiates in the avalanche process in the depletion region of the sensor. This is a unitless parameter and determines the amount of charge flowing through the sensor during operation. In this test procedure, the current flowing through the sensor was measured while in saturation using a pulsed light source. A standard pulsed light-emitting diode of 470 nm was used for the measurements.
The basic concept of the measurement is as follows: if all microcells of a SiPM are illuminated simultaneously and with a known repetition rate, it is possible to infer the gain of the sensor by measuring the DC current flowing through the standard anode-cathode. 19 Once this is obtained, it is necessary to subtract the dark current I dark from the photocurrent I photo . The gain is then given by ðI photo − I dark Þ∕ef laser N, where e is the electron charge, f laser is the laser pulse frequency, and N is the number of microcells. The gain measurement completed in this way does not contain afterpulsing or crosstalk, as all microcells are fired at once and only a short pulse is measured. This is a true representation of the gain of a SiPM. A plot of the gain for the individual SiPM microcell types is shown in Fig. 4 . No difference was noted between samples of different active area types that utilize the same microcell structure.
The gain values for the fast output terminals were designed between 2% and 4% of the standard anode-cathode Optical Engineeringgain and set, so that the gain was not dependent on the microcell size. A measured gain for the fast output was therefore found to be 4.3 × 10 4 regardless of microcell type at 2.5 V overvoltage. The gain measurement technique was also used to accurately determine the temperature coefficient of the breakdown voltage. The point of the zero crossing on the gain versus voltage curve was measured at a range of temperatures and found to be within the range measured at wafer level as shown in Sec. 4.1. The breakdown voltage was found to vary by 21.5 mV∕°C over standard operating temperature ranges.
Dark Count Rate
Dark count rate is defined as the pulse rate measured in the dark with a leading-edge trigger at 0.5 times the single photoelectron amplitude. Dark count rate was measured using an Agilent 53131A Universal Counter (Agilent Technologies Inc., Santa Clara, California). The single photoelectron amplitude at each point was determined by observing when the rate first decreases as the leading-edge threshold increased. By increasing the threshold until the dark rate changes, it was possible to determine the maximum pulse height of the single photoelectron rate. A measurement of the dark count rate is not impacted by crosstalk but can be influenced by afterpulsing. In the case of these samples, afterpulsing will be shown in Sec. 2.6 to be very low for these SiPM sensors and not a significant factor in the measured 
Crosstalk
Crosstalk is defined as the ratio of pulse rates from a SiPM measured at 1.5 times the single photoelectron amplitude to 0.5 times the single photoelectron amplitude. Crosstalk is an undesirable phenomenon, in that a single firing microcell fires a neighboring microcell almost instantaneously. Crosstalk pulses can therefore appear as multiple output signals in response to a single photon. This happens for a fixed fraction of events and is bias-voltage dependent. Increasing bias voltage increases crosstalk. Crosstalk can be caused by electrical charge leakage or optically generated due to the emission of light in SiPM sensors.
To measure the crosstalk in SiPM sensors, the rate of events as a function of leading-edge threshold is measured as a function of bias voltage. This results in a staircaselike dependence of rate versus threshold, and progresses to lower rates as the threshold increases. The 1.5 and 0.5 photoelectron rates can then be measured and the ratio computed for each overvoltage. The crosstalk measured for 30020, 30035, and 30050 SiPM is shown in Fig. 6 .
Crosstalk was not seen to depend on the size of the individual die and was found to only depend on the size of the microcells. To investigate this phenomenon, the crosstalk on 10035 and 60035 SiPM was measured. The crosstalk on these SiPM was within measurement accuracy for the 30035 SiPM and can be considered identical regardless of die size. For the 30020, the crosstalk rates were found to be extremely low and difficult to measure without long measurement cycle times. The measurements below 2.0 V overvoltage were, in fact, terminated due to the length of time taking for the measurement. When the voltage was increased, the 30020 SiPM exhibited crosstalk of sub-6% at the 5.0 V level. Since the overvoltage that the SiPM can operate at was only limited by the package thermal dissipation capabilities, it was possible to operate the SiPM at voltages in excess of 5.0 V as shown in Fig. 6 . In all cases, the crosstalk at typical operating overvoltages for the SiPM reported in this work was found to be extremely low. It is expected that for most applications, the 30035 will provide the best combination of low crosstalk and high PDE.
Afterpulsing
Afterpulsing is the phenomenon of a SiPM microcell randomly discharging with higher probability shortly after a previous discharge than with the expected thermal generation rate. Afterpulse events that occur after the recovery time cannot be distinguished from genuine, photon-induced events and therefore deteriorate the photon-counting resolution of a SiPM. Typical time scales for this phenomenon are tens of nanoseconds, comparable with the microcell recovery time. As a result, many afterpulse events are of partial discharge compared with the single photoelectron discharge of a microcell, due to partial recharge of the microcell.
Afterpulsing is an undesirable effect because it increases the variance of the single cell charge, reduces dynamic range, and increases crosstalk in the SiPM. The degree of afterpulsing depends on the bias voltage, temperature, the design of the deep doping implant, and the recovery time. 
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where
Here n tp is the thermal rate probability density, n ap is the afterpulse probability rate, consisting of fast and (optionally) slow components, and ξ is the charge fraction of a second pulse time Δt after a given pulse. Afterpulsing was not found to be dependent on the SiPM die size and only on the microcell size. The afterpulse measured for 30020, 30035, and 30050 SiPM is shown in Fig. 7 .
Results obtained for 10035 and 60035 SiPM were within measurement error of the 30035 SiPM. This demonstrates the low level of afterpulsing present in the SiPM and for the 30020 and 30035, afterpulse rates are less than or equal to 5% at up to 5.0 Vovervoltage. The afterpulsing measured on the 30050 was found to be similar to the 30035 until 4.5 V. After 4.5 V, the afterpulsing of the 30050 increased more rapidly than the 30035. It was believed that the high gain of the 30050, as shown in Fig. 4 , was the cause for the increase in afterpulsing at overvoltages in excess of 4.5 V. The low level of afterpulsing in the SiPM presented demonstrates the high quality of the start material and processing steps used to fabricate the SensL B-Series SiPM sensors.
Silicon Photomultiplier Scintillation Crystal
Performance To demonstrate the performance of SensL SiPM in an application environment, the SiPM were coupled to cerium-doped LYSO scintillation crystals. This is similar to the system configuration in a PET ToF system. When the SiPM sensor is combined with the scintillation crystal, it forms a gamma-ray detector. It is desired to demonstrate a minimum energy resolution and CRT of coincident opposite 511 keV gamma-ray pairs that are produced in electron-positron annihilation. LYSO forms an optimal combination with SensL's blue series sensor, as the output peak, at 420 nm, matches the photon detection peak of the sensor.
Energy Resolution
In energy resolution measurements, the detector principle is that of a proportional counter, in that the number of scintillation light photons is proportional to the energy of the gamma photon deposited in the crystal. Integrating the electric signal from the sensor during each scintillation event and then binning the result yields a spectrum of counts versus an observable proportional to the deposited gamma photon energy. 20 To determine energy resolution, a 3 × 3 × 20 mm 3 LYSO crystal was coupled to 30035 SiPM sensors using BC-630 silicone optical grease from Saint Gobain (Courbevoie, Île-de-France, France). The SiPM was biased at 5.0 V over the breakdown voltage, and the signal from the SiPM was amplified and traces were recorded using a high-speed digitizer.
The energy resolution spectrum for 30035 SiPM is shown in Fig. 8 . This measurement was from signals measured on the fast output and was similar to measurements taken on the standard anode-cathode output. The signal from the fast output when coupled to a relatively bright and fast crystal, Fig. 7 Afterpulse measurements on 30020, 30035, and 30050 SiPM. 
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Coincidence Resolving Time
CRT is an important PET ToF system measurement parameter. A low CRT allows more accurate determination of emission source position through triangulation. For this paper, CRT was evaluated by determining the arrival time of coincident 511 keV photon gamma pairs at a corresponding pair of scintillation-based detectors. For this measurement, a 22 Na 511 keV source was placed between two facing 3 × 3 × 20 mm 3 LYSO coupled to SiPM sensors, positioned head-on, and the resulting electrical signal from the detectors was amplified and recorded with a high-speed digitizer (USB Wavecatcher 12-bit, 3.2GS/s). In analyzing the resulting pairs of signal traces, energy filtering was performed at 9% of the peak value selecting signals that the charge integral matched with the peak in the charge spectrum attributed to 511 keV; time walk correction was performed by removing the correlation between energy difference and time difference of scintillator pairs. In addition, optimal choice of leading-edge threshold to timestamp each of the electrical signals further optimized the CRT value. Figure 9 shows the typical CRT histograms measured from the fast output of 30035 SiPM. This result on production B Series SiPM was similar to results published on preproduction silicon. 15, 21 Measurements on standard anode-cathode signals were also performed, and a value of 306 AE 3 ps was obtained. Similar results using SensL B-Series SiPM have confirmed this level of CRT performance. 16 Both the fast output and standard cathode-anode output provide adequate CRT for PET ToF applications. The fast output was believed to provide the superior result due to the fast signal rise time of the fast output capacitor and the low-output capacitance and low-parasitic impedance on the fast output.
Silicon Photomultiplier Uniformity
The SiPM used for Sec. 2 raw parameter measurements and Sec. 3 scintillation crystal measurements were selected from SiPM manufactured during process qualification. SensL's B-Series sensors are manufactured on 200-mm wafers in a CMOS foundry typically in lots of 25 wafers. Following completion of the fabrication process, each wafer was comprehensively tested, first at wafer acceptance test (WAT) using process control monitor (PCM) tests, and then at component probe (CP) using product test. WAT verifies that the wafer was processed correctly and that key technological parameters, such as breakdown voltage, diffused, and deposited film resistances, are on target and within specified test limits. These test limits were established based on technology target values, material, and process characteristics, such as film thickness and resistivities, and from data collected during the technology development phase from skew or split lots. The measurement data from WAT were monitored wafer to wafer and lot to lot, and trends were analyzed to verify process capability and stability. This process is a standard part of SensL's B-series process and is repeated for all production SiPM sensors produced.
Following PCM testing, all SiPM were tested at component probe using tester hardware that was developed for SiPM sensor testing. For B-Series SiPM sensors, the breakdown voltage, dark current, and optical response to short wavelength light were critical parameters measured on the SiPM product die. SensL has established a wafer probe flow that measures every die on the wafer under dark and illuminated conditions, with appropriate optical filters, so that the response of the SiPM sensor under broadband and short wavelength conditions was measured. Dies with failing characteristics were identified on electronic wafer maps, and only those dies that passed all of the quality and performance screens were subsequently assembled as packaged sensors. Further details of the key parameters that were measured at CP are provided in the following sections.
Breakdown Voltage
The breakdown voltage is defined as the value of the voltage intercept of a parabolic line fit to the current versus voltage characteristic curve, and in the CP wafer test flow this parameter is calculated from measurements of the dark current at several bias points. Figure 10 shows the distribution of breakdown voltage values as measured from several production lots obtained during the qualification of a single die size product. For the breakdown voltage variation plot shown in this work, a total sample size of 146,590 SiPM sensors of the 30035 type were fabricated. A mean breakdown voltage of 24.69 V was measured. The measured values were seen to be tightly distributed with a standard deviation of 73 mV, and all dies had breakdown voltage values within AE0.25 V of the mean.
The uniformity of the breakdown voltage was believed to be due to the tight process control and design of the SensL SiPM. Similar data were obtained for 60035 SiPM at the wafer level. 
Dark Current
Dark current is a key parameter for SiPM, and was measured in the CP flow at several bias points below and above the breakdown voltage. Die with dark currents that are outside specification were screened out and inked electronically, so that they were not assembled into packages. Figure 11 shows the tight distribution of dark current values for the 30035 SiPM. For Fig. 11 , all SiPM were measured at an overvoltage equal to 2.5 V.
Additional work is currently underway to reduce the dark current for future SiPM sensors through process improvements.
Optical Uniformity
To ensure quality of the SiPM, the output current from the sensor die was measured in the CP flow under tightly controlled illumination conditions at a number of overvoltages. For the measurements shown in this work, all SiPM were measured at a constant voltage of 29.5 V with a uniform and calibrated blue light source. This approximates intended-use conditions in medical imaging PET. The output current measurement allows an integrated assessment of the sensor gain and PDE. Any variation in gain or PDE has the potential to impact the optical measurement. By measuring all dies on the wafer, it was possible to develop a full understanding of the optical uniformity of the SiPM. Figure 12 shows the distribution of output current values as measured from several production lots, with a total sample size of approximately 84,929 SiPM sensor of the 30035 type. This measurement procedure was only established during the latter portion of this work, and therefore the size of the dataset for review was smaller than the dataset which represented the breakdown voltage and dark current measurements.
In a high-volume application, it is desired to be able to operate all SiPM illuminated and at the same voltage. Therefore, optical uniformity is an extremely important parameter. In this test, each SiPM die was measured at a constant voltage of 29.5 V, which is at an overvoltage of approximately 5 V above the average breakdown voltage. By measuring in this way, the effect of breakdown voltage variations from die to die, wafer to wafer, and lot to lot was included, and variations in parameters such as film thickness, doping level, and gain are integrated into the final result shown. The measured distribution illustrates the tightly controlled uniformity characteristics of the B-Series SiPM manufacturing flow, with uniformity in the range AE10% for optical currents at these bias conditions.
Silicon Photomultiplier Reliability
SensL has taken extensive reliability data to certify the BSeries silicon process flow and to qualify the SiPM products. Since standard reliability stress procedures do not exist for SiPM, SensL has adopted integrated circuit industry standard tests and modified as needed to suit the SiPM sensor. All stress and test steps were carried out as per Joint Electron Device Engineering Council (JEDEC) standard conditions. The JEDEC standard for the main reliability test procedure can be obtained from JEDEC. 22 To assess the silicon reliability, SensL used a combination of standard production packages available including SensL SMT packages and metal can TO5 style packages with sealed lids containing an optical window. The use of the metal can TO5 style packages was a requirement for the high-temperature stress tests designed to test the reliability of the silicon. For the assessments, packaged dies were obtained typically from three separate silicon fabrication lots and packaged as required. Test parameters are listed in Table 3 . Of significant note from Table 3 , the high-temperature operating life tests were completed to 1000 h with an additional higher endurance stress to 2000 h on separate sensors. It was believed that this represents the longest high-temperature stress to date on a statistically relevant sample set of SiPM, which the authors have seen reported. All SensL SiPM sensors passed with no fails. An example of the PDE measured before and after a high-temperature operating life stress test is shown in Fig. 13 . No change in package performance was observed.
As seen from Table 3 , further stress data were taken to assess product reliability, including temperature cycling, moisture and humidity stressing, and high-temperature storage. The excellent results demonstrate that the SiPM manufacturing technology is robust and enables the production of reliable, high-quality sensor components.
Conclusion
The results presented in Sec. 2 demonstrated the high performance of the SensL B-Series SiPM sensors with a measured PDE of 41% and dark count rates that were stable over a wide overvoltage range. The afterpulsing and crosstalk were measured for 30020, 30035, and 30050 SiPM sensors and low values were obtained that meet the requirements for medical imaging PET ToF systems. The fast output rise time was measured to be on the order of 300 ps for the 10035 SiPM sensors and, through pulse shape measurement on a 30035 SiPM sensor including a comparison of fast output to standard anode-cathode output, it was shown to provide an accurate representation of the derivative of the internal switching behavior of the SiPM. The signal from the fast output on 30035 SiPM sensors was then measured using a 22 Na radiation source and LYSO scintillation crystal with dimensions of 3 × 3 × 20 mm 3 . This measurement represents a 
